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Summary 

The near field fluctuating pressure and 
aerodynamic mean flow characteristics of a 
cold subsonic jet issuing from a contoured 
convergent nozzle are presented. The data 
are presented for nozzle exit Mach num- 
bers of 0.30, 0.60, and 0.85 at a constant 
jet stagnation temperature of 104°F. The 
fluctuating pressure measurements were 
acquired via linear and semi-circular mi- 
crophone arrays and the presented results 
include plots of narrowband spectra, con- 
tour maps, streamwise/azimuthal spatial 
correlations for zero time delay, and cross- 
spectra of the azimuthal correlations. A 
pitot probe was used to characterize the 
mean flow velocity by assuming the sub- 
sonic flow to be pressure-balanced with the 
ambient field into which it exhausts. Pre- 
sented are mean flow profiles and the mo- 
mentum thickness of the free shear layer 
as a function of streamwise position. 


Introduction 

The noise due to the engine exhausts 
of current subsonic commercial transports 
continues to be a major environmental 
concern to airport communities. This 
noise is created by the turbulent mixing 
of the exhausted jet plume with the ambi- 
ent thus creating pressure fluctuations in 
the hydrodynamic near field and acoustic 
far field regions of the jet flow. Wlezien 
et al. (1998) state that this acoustic emis- 
sion has limited aircraft operation to desig- 
nated hours in many airports and that lo- 
cal noise standards for acceptable acoustic 
levels (more restrictive than current FAA 
guidelines) may be imposed upon enter- 
ing aircraft. They assert that noise abate- 
ment may be facilitated by the incorpora- 
tion of control methods designed to alter 


the turbulent noise sources residing in the 
free shear layer of the jet plume. 

Seiner (1998) proposes that control 
schemes may be based upon a low- 
dimensional model of the turbulent flow 
field. He posits that these dynamical 
models can be generated by applying the 
Proper Orthogonal Decomposition (POD) 
(Holmes, Lumley & Berkooz, 1996) tech- 
nique to the correlations of turbulent two- 
point statistics. Seiner (1998) asserts 
that upon completion of such a model, 
Lighthill’s (1952) acoustic analogy ap- 
proach to understanding aerodynamically 
generated sound may be used to determine 
which low order turbulent spatial struc- 
tures are responsible for noise generation 
thus providing the base state for the design 
of control methodologies. Ukeiley, Seiner, 
and Ponton (1999) provide insight into the 
spatial structure of the turbulent veloc- 
ity properties of a subsonic jet by applica- 
tion of the POD. However, further work is 
necessary to establish the relationship be- 
tween these turbulent velocity structures 
and the turbulent pressure structures re- 
sponsible for far field noise generation. 

Michalke and Fuchs (1975) provide in- 
sight into the azimuthal structure of the 
turbulent pressure and velocity fields in a 
subsonic jet (Mach 0.2) shear layer while 
Arndt, Long, and Glauser (1997) use the 
POD technique to define the structure of 
the near field pressure fluctuations sur- 
rounding a Mach 0.07 jet. The purpose 
of this paper is to continue characterizing 
the near fluctuating pressure field thus en- 
abling additional insights into the nature 
of acoustic noise sources at higher subsonic 
Mach numbers. To facilitate meaningful 
comparisons with research data acquired 
in other facilities, the aerodynamic char- 
acteristics of the plume’s flow field are also 
presented. 
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Symbols 


D 

nozzle exit diameter, 2 in. 

fc 

center frequency of the emitted 
broadband jet noise 

Ma e 

local jet Mach number at the 
nozzle exit based upon the 
nozzle pressure ratio 

OASPL 

Overall SPL in dB 
re 20 x 10 -6 N/m 2 

Pa 

test cell ambient pressure 

Pt 

local jet total pressure from 
the pitot probe 

r 

radial coordinate perpendicular 
to x; referenced from the jet 
centerline 

SPL 

Sound Pressure Level in dB 
re 20 x 10~ 6 N/m 2 

X 

axial coordinate parallel to the 
jet centerline; referenced from 
the nozzle exit plane 

U 

local jet velocity 

U e 

nozzle exit velocity 

0 

compressible momentum 
thickness 


Experimental Details 

The experiments were conducted in the 
Small Anechoic Jet Facility (SAJF) lo- 
cated at the NASA Langley Research Cen- 
ter. Model hardware and instrumenta- 
tion are available within the SAJF for re- 


search directed at measuring the fluid dy- 
namic and acoustic characteristics associ- 
ated with internal and external air flows. 
The interior walls of the SAJF are ane- 
choically treated with acoustic wedges that 
absorb in excess of 99% of the incident 
sound for frequencies above 100 Hz. The 
internal dimensions of the SAJF (within 
the wedge tips) are 10.5 ft by 10 ft by 12 
ft along the x-direction. Research mod- 
els are connected to an air delivery system 
capable of supplying 2.5 lbm/s of contin- 
uous dry air. A 275 kW resistance heater 
is used to create a constant cold stagna- 
tion temperature of 104°F thereby estab- 
lishing an operating temperature indepen- 
dent of variations in supply temperatures. 
An electronically controlled valve main- 
tains the nozzle pressure ratio to within 
0.5% of the desired set point and pressure 
transducers used by the flow control sys- 
tem receive frequent in-situ calibration. 

The subsonic nozzle consists of a con- 
toured transition section connecting a 6 
inch settling chamber to a 2 inch inside 
diameter convergent nozzle. Metallic hon- 
eycomb is installed in the settling chamber 
to diminish large scale propagating distur- 
bances. The nozzle is designed for parallel 
exit flow. A 2 ft diameter circular duct 
treated with fine mesh screen is positioned 
concentric to the nozzle assembly thus fa- 
cilitating co-flow aspiration. 

The linear and semi-circular arrays (Fig- 
ure 1) incorporated seven 1/4 inch phase- 
matched microphone systems. The sepa- 
ration distance between each microphone 
on the linear array was 1 D (i.e., 2 inches) 
and the array was positioned parallel to 
the jet centerline. On the semi-circular ar- 
ray, a constant azimuthal separation of 30° 
was used with each sensor positioned at 
r/D = 2. The plane of this array was per- 
pendicular to the jet centerline. For data 
acquisition, both arrays were traversed in 
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the x-direction while only the linear array 
was traversed in the r-direction. Data were 
acquired using the semi-circular array at 
x/D = 0, 1, 2, 3, 4, 5, 6, 7 and 8. For 
the linear array, data were acquired at r/D 
= 3, 4, 6, 8, 10, 12, 14, 16 and 18 and 
the array was traversed axially whereby 
the upstream microphone varied in posi- 
tion from x/D = 0, 4, 7 to 13. For the 
linear array data, each microphone signal 
was digitized at 50 kHz and bandpass fil- 
tered between 160 Hz and 20 kHz. For the 
semi-circular array data, the signals were 
digitized at 30 kHz and bandpass filtered 
between 160 Hz and 12.5 kHz. For all mi- 
crophone data, 128 independent blocks of 
1024 usable data points were recorded. 


Aerodynamic Results 

Presented in figures 2 and 3 are the ra- 
dial distributions for the axial mean veloc- 
ity profiles and the computed compressible 
momentum thickness, respectively. The 
data were reduced using pitot probe mea- 
surements of total pressure by assuming 
a statically pressure balanced jet. Addi- 
tionally, the stagnation temperature was 
assumed to be a constant 104°F for all 
calculations even at large radial positions. 
Because the ambient temperature within 
the SAJF elevated quickly when the ex- 
periment was conducted, the difference be- 
tween the test cell ambient and the jet 
stagnation temperatures introduce negligi- 
ble errors in velocity and momentum thick- 
ness computations. Isentropic ideal gas 
flow is assumed and the ratio of specific 
heats at constant pressure to constant vol- 
ume was taken to be 1.40. The local speed 
of sound was calculated using the local 
jet static temperature as determined from 
the stagnation temperature and the Mach 
number based upon the local pressure ra- 


tio, Pt/Pa • For momentum thickness cal- 
culations, the local static density was de- 
termined via isentropic equations relating 
total to static density. 

Acoustic Results 

Presented in figures 5 through 63 are 
the narrowband spectra for the data ac- 
quired using the linear microphone array. 
To facilitate comparisons, the amplitude 
range plotted is constant. Because the 
spectral processes of primary interest are 
dominant at low frequencies, a logarithmic 
frequency scale is employed. A reduced 
data set is presented for Ma e = 0.3 due 
to the presence of strong reflections from 
the near held array supports that convo- 
lute the amplitude distribution at large ra- 
dial distances. Table 1 contains a descrip- 
tion of the data presented within these fig- 
ures. Each spectrum was computed using 
128 averages of Fast Fourier Transformed 
(FFT) spectral images. Each FFT image 
was computed from 1024 temporal data 
points. 

Figures 64 and 65 contain the near held 
pressure contour maps of OASPL as well 
as SPL in select frequency bands, f c , for 
Ma e = 0.6 and 0.85. The data were re- 
duced by digitally hltering the FFT gener- 
ated spectra in select 488.3 Hz bands. The 
lowest f c value plotted corresponds to the 
approximate peak frequency of the emit- 
ted jet noise as indicated from the micro- 
phone data acquired at x/D = 19 and r/D 
= 8. This position was used to determine 
the peak frequency because the end of the 
potential core is located at approximately 
x/D = 5 and jet noise is primarily emitted 
from this location at a polar angle of about 
30° with respect to the jet centerline. The 
additional f c values plotted correspond to 
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Fig 

Ma e 

r/D 

x/D 

Fig 

Ma e 

r/D 

x/D 

4 

0.30 

3 

0-5 

34 

0.60 

18 

0-5 

5 

0.30 

3 

8-11 

35 

0.60 

18 

8-11 

6 

0.30 

4 

0-5 

36 

0.60 

18 

12-17 

7 

0.30 

4 

8-11 

37 

0.85 

3 

0-5 

8 

0.30 

6 

0-5 

38 

0.85 

3 

8-11 

9 

0.30 

6 

8-11 

39 

0.85 

3 

12-17 

10 

0.60 

3 

0-5 

40 

0.85 

4 

0-5 

11 

0.60 

3 

8-11 

41 

0.85 

4 

8-11 

12 

0.60 

3 

12-17 

42 

0.85 

4 

12-17 

13 

0.60 

4 

0-5 

43 

0.85 

6 

0-5 

14 

0.60 

4 

8-11 

44 

0.85 

6 

8-11 

15 

0.60 

4 

12-17 

45 

0.85 

6 

12-17 

16 

0.60 

6 

0-5 

46 

0.85 

8 

0-5 

17 

0.60 

6 

8-11 

47 

0.85 

8 

8-11 

18 

0.60 

6 

12-17 

48 

0.85 

8 

12-17 

19 

0.60 

8 

0-5 

49 

0.85 

10 

0-5 

20 

0.60 

8 

8-11 

50 

0.85 

10 

8-11 

21 

0.60 

8 

12-17 

51 

0.85 

10 

12-17 

22 

0.60 

10 

0-5 

52 

0.85 

12 

0-5 

23 

0.60 

10 

8-11 

53 

0.85 

12 

8-11 

24 

0.60 

10 

12-17 

54 

0.85 

12 

12-17 

25 

0.60 

12 

0-5 

55 

0.85 

14 

0-5 

26 

0.60 

12 

8-11 

56 

0.85 

14 

8-11 

27 

0.60 

12 

12-17 

57 

0.85 

14 

12-17 

28 

0.60 

14 

0-5 

58 

0.85 

16 

0-5 

29 

0.60 

14 

8-11 

59 

0.85 

16 

8-11 

30 

0.60 

14 

12-17 

60 

0.85 

16 

12-17 

31 

0.60 

16 

0-5 

61 

0.85 

18 

0-5 

32 

0.60 

16 

8-11 

62 

0.85 

18 

8-11 

33 

0.60 

16 

12-17 

63 

0.85 

18 

12-17 


Table 1: List of Figures for Narrowband 
Autospectra 


the second, fourth, and sixth harmonics of 
the peak jet noise frequency. 

Presented in figures 66 through 74 are 
the cross-correlation coefficients of the lin- 
ear array data for zero time delay; thus, 
these plots indicate the level of axial spa- 
tial correlation. Each microphone on the 
array was processed as the reference mi- 
crophone and correlated with the remain- 
ing six microphone signals. The legend be- 
side each plot indicates the symbols used 
to designate the reference microphone. Ta- 
ble 2 contains a description of the data pre- 
sented within these figures. 

Figures 75 and 76 present the cross- 
correlation coefficients of the semi-circular 
array data for Ma e = 0.6 and 0.85, respec- 
tively, where the microphone positioned 
at 0° was processed as the reference mi- 
crophone. Also included are the correla- 
tions for data digitally filtered about the 


Fig 

Ma e 

r/D 

x/D 

Fig 

Ma e 

r/D 

x/D 

66 

0.30 

3-4 

0-13 

71 

0.85 

3-16 

0-6 

67 

0.60 

3-16 

0-6 

72 

0.85 

3-16 

4-10 

68 

0.60 

3-16 

4-10 

73 

0.85 

3-16 

7-13 

69 

0.60 

3-16 

7-13 

74 

0.85 

3-16 

13-19 

70 

0.60 

3-16 

13-19 






Table 2: List of Figures for Zero Time Lag 
Pressure Correlations 


peak jet noise frequency. These data in- 
dicate the level of azimuthal spatial corre- 
lation. For the digitally unfiltered data, 
figures 77 through 79 contain the cross- 
spectra of the azimuthal cross-correlations 
for Ma e = 0.3, 0.6, and 0.85. These figures 
provide insight into the spatial structure 
of the azimuthal pressure held at r/D=2. 
The cross-correlation levels are consistent 
with the limited measurements presented 
by Pao and Maestrello (1976). 

Concluding Remarks 

Near held pressure and mean how data, 
acquired at the NASA Langley Research 
Center, are presented for a contoured con- 
vergent nozzle. Velocity prohles and mo- 
mentum thickness distributions are given 
as well as spectra, contour maps, cross- 
correlations, and cross-spectra of the fluc- 
tuating pressure held. The data are pre- 
sented for nozzle exit Mach numbers of 
0.30, 0.60, and 0.85 at a constant jet stag- 
nation temperature of 104°F. These mea- 
surements should prove useful in further- 
ing the understanding of the spatial char- 
acteristics of the hydrodynamic pressure 
held and the structure of noise generating 
mechanisms. Such an understanding will 
ultimately lead to the development of con- 
trol methodologies that minimize acous- 
tic emissions thereby reducing the envi- 
ronmental impact caused by subsonic com- 
mercial transports. 
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Figure 2: Mean Streamwise Velocity Profiles 
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Figure 42: Near Field Pressure Spectra, Ma e =0.85, r/D=4.0 

















































































































































































































fc = 4395 Hz 



Figure 64: Contours of Acoustic Near Field for Ma e =0.60, Overall and Bandpassed at 
Center Frequency Denoted 





fc = 6738 Hz 



Figure 65: Contours of Acoustic Near Field Ma e =0.85, Overall and Bandpassed at 
Peak Frequency Denoted 
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Figure 75: Azimuthal Correlations, Ma e =0.60 


80 




Figure 76: Azimuthal Correlations, Ma e =0.85 
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Figure 77: Azimuthal Cross-Spectra, Ma e =0.30 
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